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ABSTRACT Nanowires have unique optical properties1-4 and are considered as important building 
blocks for energy harvesting applications such as solar cells2, 5-8. However, due to their large 
surface-to-volume ratios, the recombination of charge carriers through surface states reduces the 
carrier diffusion lengths in nanowires a few orders of magnitude9, often resulting in the low efficiency 
(a few percent or less) of nanowire-based solar cells7, 8, 10, 11. Reducing the recombination by surface 
passivation is crucial for the realization of high performance nanosized optoelectronic devices, but 
remains largely unexplored7, 12-14. Here we show that a thin layer of amorphous silicon (a-Si) coated 
on a single-crystalline silicon nanowire (sc-SiNW), forming a core-shell structure in-situ in the 
vapor-liquid-solid (VLS) process, reduces the surface recombination nearly two orders of magnitude. 
Under illumination of modulated light, we measure a greater than 90-fold improvement in the 
photosensitivity of individual core-shell nanowires, compared to regular nanowires without shell. 
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Simulations of the optical absorption of the nanowires indicate that the strong absorption of the a-Si 
shell contributes to this effect, but we conclude that the effect is mainly due to the enhanced carrier 
lifetime by surface passivation. 
Keywords: Silicon Nanowire, Surface Passivation, Scanning Photocurrent Microscopy, Solar Cell 
 
Considerable interest exists for nanowire-based solar cells2, 8, 15-18 because of their potential to 
achieve high energy conversion efficiency at low cost. However, due to the large surface-to-volume 
ratio, nanowires have a high surface recombination rate. This shortens the carrier lifetime by 4-5 
orders of magnitude9, resulting in the efficiency of nanowire solar cells usually only a few percent7, 8, 
10, 11. The surface passivation of planar optoelectronics is a technology that was developed over the 
course of decades19, 20. Nanowire surface passivation, however, is an even more challenging task due 
to their small size and the fact that multiple facets with different crystalline orientation are exposed. In 
this Letter, we demonstrate a highly effective means for surface passivation of silicon nanowires, 
using a thin layer of amorphous silicon formed in-situ during nanowire growth. Excitingly, the 
experimental results obtained by near-field scanning photocurrent microscopy indicate a ~100-fold 
reduction in surface recombination. The quenched surface recombination prolongs the carrier lifetime 
and consequently increases photosensitivity or energy conversion efficiency when the nanowires are 
used as photodetectors or solar cells. Experimental measurements indicate a ~90-fold increase in the 
photosensitivity of passivated nanowires, as compared to unpassivated ones.  This has major 
implications for solar energy conversion devices. 
3 
 
 
Images of transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy show 
that the nanowires have a single-crystalline core and a ~10 nm thick amorphous silicon (a-Si) shell 
(Fig. 1). The core-shell SiNWs are mostly 40 - 60 µm long and 50 - 90 nm in diameter. The 
amorphous shell is formed in-situ during the nanowire synthesis in the Au-catalyzed 
vapor-liquid-solid (VLS) process that has been widely used for the growth of SiNWs without 
shells21-23 (see the supplementary information Fig. S1 for possible growth mechanisms of the 
amorphous shell). The core-shell nanowires are p-type, confirmed by the result of transimpedance 
measurement shown in the inset of Fig. 2a. The boron doping concentration in the SiNW is estimated 
to be ~1018 cm-3 based on four-probe measurements. 
 
To quantify the effect of surface passivation in our core-shell nanowires, we extract the surface 
recombination velocity S by the following equation (see the supplementary information Fig. S2):  
φττ
S
beff
411 +=   (1) 
where τeff is the effective carrier lifetime, φ  the nanowire diameter, and τb the carrier lifetime in bulk 
Si of the same impurity concentration. The left side of the equation is the effective recombination rate 
which is equal to the addition of bulk (first term on right side) and surface recombination rate (last 
term on right side). While the nanowire diameter is measured directly by atomic force microscopy 
(AFM), we obtain the effective lifetime τeff from the minority diffusion length Ldiff, since the two are 
related by effdiff DL τ= where D is the diffusion coefficient. To find Ldiff, an electrically neutral 
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region in the nanowire is created by making two Schottky contacts to the wire, as shown in Fig. 2b. 
Under both positive and negative bias, one of the two Schottky barriers is reverse biased (black line in 
Fig. 2a). The majority of the applied voltage drops over the reverse biased barrier, with only a 
negligible part dropped over the nanowire. A ~100 nm illumination spot from a near-field scanning 
optical microscopy (NSOM) tip is used to locally generate excess minority carriers in this 
quasi-neutral region. These carriers diffuse and recombine in the absence of an external electric field, 
leading to the decay in their population. Only a portion of the excess minority carriers generated by 
the illumination spot therefore reach the reverse biased barrier and are collected as photocurrent. From 
Fig. 2b, it can be seen that photocurrent increases exponentially as the distance between the 
illumination spot and barrier decreases. We extract the diffusion length Ldiff from this exponential 
relationship between the photocurrent and the illumination spot location. 
 
As discussed, the ~100 nm illumination spot is created by focusing a laser beam into a near-field 
scanning optical microscope (NSOM) tip 24-26. This tip is raster scanned over the nanowire in contact 
mode, enabling the topography (i.e. AFM image) and photocurrent map to be simultaneously obtained, 
as shown in Fig. 2c and d, respectively. The bright spot in Fig. 2d corresponds to the large 
photocurrents occurring near the reverse biased Schottky barrier (bottom electrode of Fig. 2c). It can 
be seen from Fig. 2e that the photocurrent decays exponentially with distance from the illumination 
spot. From the decay rate, the diffusion length of the 77 nm diameter core-shell wire is found to be 
410 nm. Variation in the external voltage modulates the depletion region of the Schottky barrier and 
changes the carrier collection efficiency as well as the absolute value of photocurrent. However, the 
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photocurrent decay slope, and hence the diffusion length, remain constant at different voltages (Fig. 
2e), because the external voltage does not affect the diffusive nature of excess carriers in the neutral 
region. According to equation (1), smaller nanowires have larger surface recombination rates, leading 
to shorter diffusion lengths, as observed in Fig. 2f.  
We plot diffusion lengths against the nanowire diameters in Fig. 3. For comparison, the diffusion 
lengths of regular nanowires without shell are also measured (green stars, see the supplementary 
information Fig. S3 for details), which are consistent with the previous results from ref.9 (red dots). It 
can be seen that the core-shell nanowires (black squares) have diffusion lengths 7 - 11 times greater 
than those without shell. Using equation (1) and effdiff DL τ= , we find two curves (the dashed lines) 
that fit the two groups of data very well with surface recombination velocities S of 4.5×103 cm/s and 
3×105 cm/s for the core-shell nanowires and the regular ones, respectively. The other two solid lines in 
Fig. 3 plot the diffusion length vs diameter curves for two other choices of S (3×103 cm/s and 1×104 
cm/s). For the plotted curves, we use a constant diffusion coefficient D (= 4.8 cm2/s with mobility µ 
~200 cm2/Vs) for both types of nanowires, since the carrier mobility is mainly limited by the 
scattering of majority impurities for nanowires with a doping concentration ~1018 cm-3 as in our case9, 
27 and therefore is largely independent of the surface scattering9. The reduction in surface 
recombination velocity indicates that the a-Si shell has reduced the density of surface states on the 
crystalline core surface nearly two orders of magnitude.  
 
The quenched surface recombination prolongs the carrier lifetime in nanowires and consequently 
increases the concentration of photon-excited excess charge carriers ( τ×=∆ Gn  where G is the 
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carrier generation rate and τ the minority carrier lifetime) when the nanowires are illuminated. The 
higher concentration of excited carriers will lead to higher photosensitivity or energy conversion 
efficiency when the nanowires are used as photodetectors or solar cells. For experimental simplicity, 
we investigate the photosensitivity of Ohmically contacted nanowires by measuring the photocurrent 
Iph which is given by: 
AEneI ph ×××∆×= µ   (2) 
where e is the electron charge, ∆n the excited minority carrier concentration that is given by 
τ×=∆ Gn  as above, µ the minority carrier mobility, E the electric field in the nanowire, and A the 
nanowire cross-sectional area. The only extrinsic parameter in equation (2) is the electric field E (= 
Vin/L, Fig. 4a), and this can be accurately measured using the four probe measurement technique. The 
device is uniformly illuminated with light from a monochromator modulated on/off at a frequency of 
1.8 kHz by a chopper. The AC component of the photocurrent is then extracted with a lock-in 
amplifier, as shown in Fig. 4a. However, equation (2) will not necessarily maintain its linearity as a 
function of both the generation rate G (proportional to illumination intensity) and the electric field E, 
unless τ and µ remain intrinsic constants independent of G and E. We find that, for the core-shell 
nanowire device, the photoconductance is linear with the illumination intensity up to ~25 W/m2 (Fig. 
4b), while the photocurrent linearly increases with the electric field over the range explored in our 
experiments (inset of Fig. 4b). Under these circumstances, τ and µ remain as intrinsic constants. 
Figure 4c shows that the AC photosensitivity (photoconductivity per unit illumination intensity) as a 
function of illumination wavelength ranging from 400 nm to 900 nm for a core-shell nanowire and a 
nanowire without shell that are 90 nm and 130 nm in diameter, respectively. The absorption 
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cross-sections of these two wires (on a quartz substrate) are calculated by the finite difference time 
domain (FDTD) method and plotted in Fig. 4c as solid lines. The absorption cross sections Ac have 
units of length (rather than area). If an infinitely-long nanowire is illuminated by a plane wave of 
intensity I, then the power absorbed in a length l of the nanowire is given by I × Ac × l. These lines 
represent the case of unpolarized illumination, and are obtained by averaging the spectra obtained for 
TE and TM illumination (Fig. 4a). It can be seen that the measured photosensitivity and simulated 
absorption cross-section follow very similar trends with the two nanowires each having one or more 
peaks due to leaky mode resonances28, 29. These modes can be found by solving the Maxwell’s 
equations at appropriate boundary conditions for classical optical fiber waveguides, as described 
previously28. Each of the leaky modes can be characterized by an azimuthal mode number, m and a 
radial order number, n. In this way, the modes can be termed as TMmn or TEmn. We plot the 
configuration of electric field intensity of TM mode resonances in Fig. 4d since they dominate the 
absorption in nanowires. The core-shell nanowire and the regular nanowire each have a TM11 mode 
resonance at ~ 530 nm and ~670nm, respectively, leading to a broad bump in their absorption spectra. 
The corresponding photoconductance peaks both blueshift, a phenomenon that was also observed by 
others28, though the cause is not perfectly understood. The 130nm regular nanowire has a second 
bump at ~ 482nm which consists of a main peak at 482nm (TM21) and a shoulder at 466nm (TM02). 
The existence of the small shoulder is evident in the asymmetry of the bump. The configuration of 
electric field intensity shown in the third figure of Fig. 4d is a mix of these two resonances since they 
are close to each other. The third bump of the regular nanowire at ~406nm is due to the resonance of 
TM12 mode.  
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The largest photosensitivity for both the core-shell nanowire and the nanowire without shell occurs 
at wavelengths around λ ≈ 490 nm, at which the core-shell nanowire has a photosensitivity over 90 
times greater than the regular nanowire. The FDTD simulations predict that the amorphous shell 
increases the absorption cross-section by ~ 1.3 times (black and red solid lines of Fig. 4c). We 
therefore conclude that the remaining factor of ~70 (≈ 90/1.3) in photosensitivity improvement comes 
from the enhanced carrier lifetime due to surface passivation. This is in fair agreement with the data in 
Fig. 3. Interestingly, the FDTD simulations predict that the larger absorption of the core-shell 
nanowire originates almost entirely from the 10 nm amorphous shell (Fig. 5a). This is mainly due to 
two reasons. First, the electric field within the nanowire has two intensity peaks in the a-Si shell, as 
shown in the TM11 mode plot (Fig. 4d). Secondly, a-Si absorbs light in visible range more strongly 
than sc-Si30, 31. The strong absorption in the a-Si shell generates a large number of charge carriers 
inside the shell. We note that the absorption cross-section peak at ~530 nm of the core-shell nanowire 
overlaps approximately with its photosensitivity maximum, though there is an offset. This means that 
the excited carriers in the a-Si shell are also efficiently collected as photocurrent. However, bulk a-Si 
has a carrier diffusion length as short as ~50 nm32, while the diffusion length in the core-shell 
nanowire is measured to be greater than 400 nm (Fig. 3). It is unlikely that the excited carriers 
transport in the amorphous shell even though it is in electrical contact with microelectrodes (a-Si in 
the contact region is not removed before metal evaporation). We therefore conclude that most of the 
carriers generated in the shell diffuse into the core, where they are then transported to the electrodes as 
photocurrent (Fig. 5b). This transport is efficient due to high mobility of the sc-Si core and the 
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enhanced carrier lifetime by surface passivation. We anticipate that this “diffuse and transport” 
method could be applied in other scenarios for enhanced electron-hole extraction, e.g. from materials 
such as quantum dots (QD) that have low carrier mobility and lifetime.  
 
In conclusion, we have reduced the surface recombination of SiNWs nearly two orders of 
magnitude by in-situ surface passivation using a thin layer of a-Si. The surface passivation of SiNWs 
increases the carrier diffusion length and lifetime by one and two orders of magnitude, respectively. 
The a-Si layer enables the core-shell nanowires to strongly absorb light of a broader range of 
wavelengths. The core-shell nanowire is 90-fold more sensitive when used a photodetector, compared 
to regular nanowires without surface passivation. We expect that the surface-passivated nanowires 
will have significantly larger energy conversion efficiency when used as solar cell devices.  
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Figure Captions 
 
Figure 1 Transmission electron microscope (TEM) images of a core-shell silicon nanowire. (a) 
High-resolution TEM image, showing that core is single-crystalline while shell is amorphous. Scale 
bar, 3 nm. (b) TEM image, showing that amorphous shell is ~10nm thick and crystalline core is 
~40nm in diameter. Inset: energy dispersive X-ray spectroscopy (EDS) indicates that amorphous shell 
is silicon. Scale bar, 30 nm. 
 
Figure 2 Current-voltage characteristics and scanning photocurrent microscopy (SPCM) of 
core-shell silicon nanowires The nanowires are intentionally contacted with two Schottky barriers. (a) 
I-V measurement (dark current, black curve) shows that, under positive or negative voltage, one 
barrier is always under reverse bias. I-V measurement with illumination (red curve) is obtained with 
white light from microscope lamp. Inset: transimpedance measurement, indicating that nanowire is 
p-type. (b) Conceptual illustration of method for measuring carrier diffusion lengths. (c) Nanowire 
topography, obtained by AFM functionality of near-field scanning optical microscope. Scale bar, 1µm. 
(d) Photocurrent map, recorded simultaneously with topographic image. Scale bar, 1µm.  (e) 
Photocurrent current profiles along nanowire axis (blue dashed line of panel d) for different voltages 
applied to nanowire. Plotted in logarithmic scale, slope of photocurrent vs distance curve does not 
change with bias voltage, indicating that the excited charge carriers are diffusive. Larger value of 
illumination spot location corresponds to it being closer to Schottky contact. (f) At conditions similar 
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to (e), photocurrent profiles along axes of nanowires with diameters of 190nm, 77nm and 51nm.  
 
Figure 3 Surface passivation effects in nanowires of different diameters. Diffusion lengths vs 
nanowire diameter, for core-shell (black squares) and regular nanowires without shell (red dots and 
green stars). Shell thickness is excluded from the value of the diameter because carriers mainly 
transport in the core, as data show later. Red dots represent data from ref. 9. Green stars are from 
measurements we obtain on nanowires without shell. Black lines are calculated from equation (1), 
assuming surface recombination velocities S of 3×105, 1×104, 4.5×103, and 3×103 cm/s, with diffusion 
coefficient D of 4.8 cm2/s and bulk recombination lifetime τb extracted to be ~2 ns. 
 
Figure 4 Diagram of experimental set-up and measured AC photosensitivity spectra. (a) Four 
point probe measurement technique is used, with Vs being the power supply voltage and Vin the 
measured voltage. Bottom right: nanowire cross section is shown together with definitions of TE and 
TM illumination. (b) photoconductance of a core-shell nanowire at different illumination intensities. 
Inset: photocurrent linearly increases with the bias Vin. (c) Measured photosensitivity vs wavelength 
for a core-shell nanowire (black squares) and a nanowire without shell (red dots). The photosensitivity 
for the nanowire without shell has been magnified 50-fold for comparison purposes. The core-shell 
SiNW has a core diameter of ~70 nm, and an outer diameter of ~90 nm. The nanowire without shell is 
130 nm in diameter. FDTD-simulated absorption cross-section is plotted for the core-shell nanowire 
(black line) and the nanowire without shell (red line). (d) Simulated electric field intensity (E2, 
normalized to incident illumination) of leaky modes for TM illumination. The nanowires are on quartz 
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substrates. The outer circle is the wire-air interface while the inner circle is the interface between a-Si 
and sc-Si. Upper plot is for the core-shell nanowire. Middle and lower plots are for the regular 
nanowire without shell. 
 
Figure 5 Absorption cross-section and carrier transport model of the core-shell nanowire. (a) 
Simulated absorption cross-section vs wavelength for the core-shell nanowire in Fig. 4c. Total 
absorption cross-section, i.e. of core and shell, is plotted as red curve. Absorption cross-section of core 
is plotted as black curve. (b) Charge carrier transport model. Excess carriers excited by the strong 
absorption in the shell diffuse into the core where they are efficiently transported to the electrodes as 
photocurrent. 
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